Designing high-throughput screens for voltage-gated ion channels has been a tremendous challenge for the pharmaceutical industry because channel activity is dependent on the transmembrane voltage gradient, a stimulus unlike ligand binding to Gprotein-coupled receptors or ligand-gated ion channels. To achieve an acceptable throughput, assays to screen for voltagegated ion channel modulators that are employed today rely on pharmacological intervention to activate these channels. These interventions can introduce artifacts. Ideally, a high-throughput screen should not compromise physiological relevance. Hence, a more appropriate method would activate voltage-gated ion channels by altering plasma membrane potential directly, via electrical stimulation, while simultaneously recording the operation of the channel in populations of cells. The authors present preliminary results obtained from a device that is designed to supply precise and reproducible electrical stimuli to populations of cells. Changes in voltage-gated ion channel activity were monitored using a digital fluorescent microscope. The prototype electric field stimulation (EFS) device provided real-time analysis of cellular responsiveness to physiological and pharmacological stimuli. Voltage stimuli applied to SK-N-SH neuroblastoma cells cultured on the EFS device evoked membrane potential changes that were dependent on activation of voltage-gated sodium channels. Data obtained using digital fluorescence microscopy suggests suitability of this system for HTS. (Journal of Biomolecular Screening 2003:660-667) 
INTRODUCTION

T
HE REGULATED MOVEMENT OF IONS across biological membranes is essential for normal physiology. Membrane-spanning proteins that mediate ionic flux between the extracellular environment and the cytosol include voltage-and ligand-gated ion channels, transporters, and pumps. Once opened by the appropriate stimulus, ion channels provide a conduit for passive diffusion of specific ions down their electrochemical gradients. The activation (opening) of voltage-gated ion channels (VGICs) depends on the membrane voltage rather than ligand binding or ATP hydrolysis. A wide variety of VGICs have evolved to respond from their closed state to a range of membrane voltages (e.g., depolarizing or hyperpolarizing). Furthermore, a significant number of VGICs undergo inactivation into a nonconducting state from which the open state is inaccessible. Often these channels can be reprimed to their closed state by membrane hyperpolarization. VGICs are emerging as a target class of increasing importance to the pharmaceutical industry, due to their relevance to a wide variety of cardiovascular, CNS, and metabolic diseases 1 and their importance in shaping the electrical activity of neuronal and muscle cells and controlling the secretion of neurotransmitters and hormones. 2, 3 The ability to identify use-dependent modulators of VGIC activity using high-throughput platforms has been a challenge for the pharmaceutical industry due to the nature of the endogenous stimulus and the difficulty screening inactivating VGICs under physiological conditions. Existing platforms include binding and functional assays. High-affinity ligands that modulate ion channel function (e.g., toxins) have been used to identify displacers, but the functional significance of compound binding must be determined in follow-up functional assays. 1, 4, 5 In existing functional assays, pharmacological activators such as veratridine have been used to drive Na v channels into their open state. [5] [6] [7] [8] In some cases, relatively slow depolarizing stimuli such as the addition of elevated potassium concentrations activate slowly or noninactivating classes of voltage-activated channels. The time course of the addback is too slow, however, to mimic the activating stimulus for inactivating channels. Pharmacological manipulations (e.g., veratridine and valinomycin) have been used to overcome steady-state inactivation occurring at resting membrane potentials. The activity of ion channels has been monitored through the measurement of changes in intracellular concentration of permeant ions, using fluorescent indicators or radiolabeled ions. 1, 4, 5, 8 Both approaches lend themselves to high-throughput screening (HTS) in cell-based, 96-well formats. Indeed, the measurement of rapid kinetic changes in fluorescence for HTS purposes has recently become possible using the Fluorimetric Imaging Plate Reader (FLIPR™, Molecular Devices, Sunnyvale, CA). 9 This charge-coupled device (CCD)-based system has integral 96-or 384-well pipettors and is capable of reading all wells simultaneously at rates as fast as 1 Hz. The FLIPR system has optics designed to detect fluorescence from the cell monolayer, enabling changes in membrane potential or intracellular Ca 2+ to be recorded, using commercially available fluorescent probes. [10] [11] [12] [13] Current approaches have a number of limitations, including the lack of a functional readout (e.g., in binding assays), the nonphysiological nature of the stimulus (e.g., veratridine), the inability to readily detect inactivating channels, and the inability to determine use dependence of ion-channel-selective agents. To determine the effects of pharmaceuticals on VGICs in more physiological assays, the channel ideally will be activated by applying a voltage across the plasma membrane in a physiologically relevant time scale, while simultaneously recording the activity of the channel.
Techniques to alter and record the activity of VGIC activity have been extensively used in a research setting; the best known is the patch-clamp technique. 14, 15 The tight seal whole-cell patchclamp technique is the current gold standard, due to its ability to set and alter membrane potential and its unparalleled temporal resolution and sensitivity (ability to detect events at the level of single channels). 5 However, this technique is labor intensive, and standard patch-clamp methods are typically used only as follow-on assays to characterize hits obtained from other higher throughput assays. 1, 16 Recently, a number of enhanced throughput patch-clamp devices have been developed using planar substrates or glass pipettes. However, the universal applicability of existing highthroughput technologies has not been fully explored. 17, 18 The purpose of the present study was to test the ability of a prototype electrical field stimulation (EFS) device to modulate the activity of VGICs in vitro. Our goal was to create an assay technology that would allow a researcher to assess the impact of a pharmaceutical agent on VGIC function in a more physiologically relevant setting. Previous electrode-based methods employed Au or Ti/Pt metal microelectrodes patterned on glass substrates. 6, 19, 20 The cells were cultured directly on top of the microelectrodes, where they formed a stable interface. The microelectrodes were usually optimized to record electric signals from a single cell. Thus, the exposed tip area was small (usually less than 100-square microns), and the tip was capped with platinum black (an opaque metal), which reduced the impedance of the microelectrode and increased the signal-to-noise ratio. 21 This technique was best applied to a small number of cells (less than~10) and required that the cell be in close proximity, or directly on top of, the recording electrode tip.
In an effort to stimulate and record from hundreds of cells simultaneously, we combined the electrical stimulation of cells using microelectrodes with the optical measurement of membrane potential using voltage-sensitive dyes. 22 One requirement was that the microelectrodes be transparent, because most optical measurements require that light pass through the bottom of the cell culture plate. Transparency was achieved with the use of microelectrodes fabricated from indium-doped tin oxide (ITO). Because the electrodes were not used to record electrical signals, the opaque Pt black layer was omitted.
In the present study, we tested several types of electrodes and a variety of stimulus parameters for their ability to alter the plasma membrane potential of SK-N-SH neuroblastoma cells. The prototype EFS device used in this study employed 2 separate transparent ITO electrode configurations to supply electrical stimuli to cells. Unlike the microelectrodes previously described that were optimized to record electric signals, the EFS microelectrodes were optimized for the electrical stimulation of cells. Thus, the ITO electrodes had a large exposed surface area and covered the entire bottom surface of the well. Voltage-induced changes in plasma membrane potential were recorded using the voltage-sensitive membrane potential dye for FLIPR™ (Molecular Devices), where increases in fluorescence of the dye corresponded to a depolarization of the plasma membrane. The dye has low fluorescence in aqueous solution, which is greatly increased as the dye binds to the hydrophobic plasma membrane. 11, 13 The optimal electrode configuration of the prototype EFS device was composed of interdigitated electrode fingers (IDFs) of opposite electrical polarity patterned on the bottom surface of the well. Voltage stimuli applied to cells cultured on the prototype EFS device evoked changes in plasma membrane potential, consistent with alteration of voltage-gated sodium channel activity. Future versions of the EFS device will combine ITO IDF electrodes with a 96-well plate to create an HTS instrument to monitor ion channel activity and to discern the mechanism of action (e.g., use dependence) of pharmaceutical compounds targeting ion channels.
METHODS
Fabrication of the prototype EFS device
A cross section of the EFS fabrication process is shown in Figure 1 . The EFS was fabricated from 600-µm thick Pyrex glass wafers frontside coated with a thin film of ITO~2700 Å thick, with a resistivity of~25 Ω/square. Aluminum was deposited on the backside of the wafer, which facilitated handling by automated equipment. The ITO was then patterned (for the interdigitated electrodes) using an ion mill. Next, Ti/Pt was evaporated and patterned using a liftoff procedure. The Ti/Pt reduced ohmic losses from the bond pads, where external electrical connection was made to the ITO in each well. A 5000-Å thick oxynitride (SiOxNy) layer was
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then deposited by plasma-enhanced chemical vapor deposition. This insulation/passivation layer was patterned using a reactive ion etch. Removal of the backside aluminum followed. Photoresist was spun onto the frontside of the wafer before the Al was removed to protect the frontside during the wet etch. After dicing, the photoresist was dissolved in acetone. The devices were then cleaned in isopropyl alcohol (IPA) followed by a thorough rinse in deionized (DI) water. Cloning wells were then attached by hand to the device using a silicone adhesive. A 2nd IPA/DI water clean completed the fabrication process.
The prototype EFS, shown in Figure 2a and 2b, employed 2 electrode configurations. The first, the interdigitated configuration, used in well 1 ( Fig. 2a) , had 2 interleaved (or interdigitated) conductors (shown in greater detail in Fig. 2c, d ). One-half of these interdigitated fingers extended from the right side of the well. The other half extended from the left side of the well. The electrodes were exercised by applying a voltage between contact 1 and contact 2. The resulting electric field lines were approximately horizontal to the bottom surface of the well. Because the IDF electrodes were 5-µm wide and 5-µm apart, a 20-µm diameter cell contacted at least 2 electrodes (1 positive and 1 negative), which resulted in efficient stimulation of the cell (Fig. 2c, d ). SK-N-SH cells were found to align along the IDF electrodes (Fig. 2d) . However, Gross 20 found that this adhesion preference for metal over glass could be removed if the surface was coated with polylysine.
The 2nd electrode configuration, the solid electrode configuration, used in wells 2, 3, and 4, employed a solid ITO electrode on the bottom of the well (or a portion of the bottom of the well) and an Ag/AgCl electrode inserted into the fluid above the cells. A voltage applied between these 2 electrodes created an electric field perpendicular to the bottom surface of the wells. In the solid electrode configuration, the cells were in direct contact with only 1 of the 2 stimulating electrodes. The ability of the electrode configurations on the EFS device ( Fig. 2a ) to induce changes in plasma membrane potential was tested.
Imaging changes in plasma membrane potential in single living cells
All materials were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. Membrane potential imaging experiments were performed in buffer, composed of (in mM) 25 HEPES, 121 NaCl, 5 NaHCO 3 , 10 glucose, 4.7 KCl, 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 1.5 CaCl 2 , and 0.25% (w/v) fatty acid-free bovine serum albumin (pH 7.4 at 37°C). SK-N-SH cells were seeded onto the EFS device at a density of 10,000 cells/well in DMEM + 10% (v/v) fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Following an overnight (12 h) incubation, cells were loaded with membrane potential dye (membrane potential dye for FLIPR, Molecular Devices, Sunnyvale, CA) for 30 min, according to the manufacturer's protocol. The cells were transferred to a thermostatically regulated microscope (Pathway-HT, Atto Biosciences, Rockville, MD). Fluorescence images (excitation 488 nm, emission 510 nm) were acquired using a 20× objective (Olympus), at 100-ms intervals with a cooled CCD camera, and images were analyzed offline.
RESULTS AND DISCUSSION
Electrical stimuli induced changes in plasma membrane potential
Voltage-sensitive dye fluorescence from individual SK-N-SH cells was monitored using a digital fluorescent microscope (Pathway-HT, Atto Bioscience, Rockville, MD) over the course of 10 min. Trains of electrical pulses (square wave pulse of 750 µs duration, at 8 pulses/s for 3 s) were applied to the EFS device at the times and voltages indicated (Fig. 3) Fig. 3b) . Analysis of the images showed that in any given well, cells responded homogeneously to the applied electric field stimuli (Fig. 3 , insert panels 2 and 5). The mean fluorescence of cells cultured on IDF electrodes increased (corresponding to depolarization of the plasma membrane) from a basal value of 291.47 ± 2.78 to a maximum of 580.17 ± 8.92 relative fluorescence units (RFU) following application of trains of electric field stimuli of 80 V amplitude (Fig. 3a) . However, larger voltages were required to evoke responses from cells cultured on the solid electrode, compared to cells grown on IDF electrodes. The mean fluorescence of cells cultured on solid ITO electrodes increased from a basal value of 325.30 ± 3.14 to a maximum of 479.15 ± 9.40 RFU following application of an electric field stimuli train of 120 V amplitude (Fig. 3b) . Similar responses were observed in studies carried out using other "EFS-like" devices, where vertical as well as horizontal electric fields were applied to cells. 23 Decreases in fluorescence were observed at the highest voltages (≥80 V for IDF electrodes and >120 V for Ag/AgCl immersion electrodes). Analysis of the digital images obtained showed that the decreases in fluorescence were not due to repolarization of the plasma membrane but instead to detachment of the cells from the electrode surface (Fig. 3, insert panels 3 and 6 ). These findings highlighted the importance of the acquisition of spatial as well as temporal information in the testing of the EFS prototype.
The data shown in Figure 3 suggest that IDF electrodes were able to induce plasma membrane depolarization at lower voltages than the solid electrode configuration. Another drawback of the immersed solid electrode configuration was the difficulty in incorporating fluidics to introduce solutions to each well due to the presence of the Ag/AgCl electrode that was inserted into the well from above. Furthermore, unlike data taken from IDF electrodes which were highly reproducible, data taken from cells stimulated with the solid electrode varied greatly, depending on cell confluency (data not shown). These findings led us to choose the wells containing IDF electrodes for subsequent experiments to characterize the observed electric field-induced changes in plasma membrane potential. Optimal stimulation parameters in this study were found to be a series of square-wave voltage pulses (750 µs pulses at 8 pulses/s for 3 s), where the voltage was stepped from 0 to a positive voltage (amplitudes are indicated in Fig. 4) .
Role of voltage-gated sodium channels in voltage-induced plasma membrane depolarization in SK-N-SH cells
Increases in fluorescence were observed in all cells cultured on IDF electrodes, in response to stimuli trains up to 40-V amplitude (Fig. 4, black line) . The fluorescence increases were likely due to depolarization, the amplitude and rate of which varied in a voltagedependent manner. Treatment of the cells with the selective Na + channel inhibitor tetrodotoxin (TTX) at a concentration of 100 nM completely abolished voltage-induced changes in plasma membrane potential (Fig. 4, gray line) . In addition, removal of extracellular Na + abolished electric field-mediated changes in membrane potential (Fig. 4, insert) . These data suggest that voltage-gated sodium channels are responsible, in part, for the observed changes in plasma membrane potential. ITO did not appear to affect normal cell physiology, as the presence of ITO affected neither cell viability nor activation of Na + channels by veratridine (Table 1) .
Although the maximum depolarization of SK-N-SH cells was observed following a 40-V stimuli train, there was a change in the kinetics of the observed responses evoked from stimuli trains of amplitudes greater than 14 V (Fig. 4) that already induced under the experimental conditions). At amplitudes 20 V and greater, the observed depolarizations appeared to be more sustained than those observed at lower voltages. These data may be due to several factors. First, repeated stimulation may result in inactivation of the ion channels, which requires stimuli trains 20 V or greater to overcome. Second, higher voltages may activate other families of voltage-gated ion channels. Third, higher voltage trains may evoke nonphysiological responses, which may subsequently result in cellular detachment, such as that observed in Figure 3 , insert panels 3 and 6.
In these experiments, the calculated EC 50 for voltage amplitude was found to be approximately 8 V (Fig. 5a) . Every cell in a field of view responded, and the responses were similar from cell to cell (the data are mean ± SD for 100 cells from 3 separate experiments) (control, Fig. 5a ). TTX blocked the depolarizations in a dosedependent manner. The IC 50 for TTX was found to be approximately 9 nM (Fig. 5b) , which was in agreement with previous studies carried out using conventional techniques (for review, see Clare et al. 24 ).
These data suggest the observed voltage-dependent changes in plasma membrane potential were dependent in part on the activation of TTX-sensitive sodium channels. However, the above findings do not rule out the possibility of the EFS altering the activity of other ion channels, which may have also contributed to the observed responses. We attempted to ascertain if other channels participated in the observed changes in plasma membrane potential. These studies were carried out as per the conditions described in Figure 5 , using a variety of pharmacological agents that block voltage-gated Ca 2+ or voltage-and Ca
2+
-activated K + channels (Table 2). We were unable to observe any significant effect of these inhibitors on the cells' response to applied electrical stimuli (Table 2). Taken together, these data support the hypothesis that activation of voltage-gated sodium channels and subsequent influx of sodium across the plasma membrane played a primary role in the observed responses to voltage stimuli. Although we cannot rule out a contribution of other channels to the observed responses, the activity of TTX-sensitive sodium channels appeared to be necessary.
SUMMARY AND FUTURE DIRECTIONS
In this study, we examined the ability of a prototype EFS device to deliver electrical stimuli to cells in vitro and the physiological consequences of such stimulation on SK-N-SH cells. The spatial information obtained by the use of a digital fluorescent bioimager (Pathway-HT, Atto Biosciences, Rockville, MD) enabled the refinement of the stimuli parameters used in this study such that homogeneous cellular responses were observed with no deleterious effect on viability. We demonstrated that the prototype EFS device delivered electrical field stimuli that were capable of activating voltage-gated sodium channels expressed by SK-N-SH cells in vitro. The prototype EFS device was able to apply physiological stimuli to cells, as the sensitivity of the voltage-gated sodium chan- nel to blockade by TTX was found to be in agreement with data obtained using existing techniques. Our conclusions were based on several lines of evidence: First, the amplitude of the observed plasma membrane depolarization was voltage dependent (Fig. 5a) . Second, the observed responses were inhibited by TTX in a concentration-dependent manner (Fig. 5b) . Third, the removal of extracellular sodium abolished the cells'response to voltage pulses (Fig. 4, insert) . The ability to simultaneously stimulate cells with electric field stimuli and measure membrane potential using voltage-sensitive dyes should enable the detection of activity of ion channels not amenable to existing fluorescence technologies (such as inactivating channels). The EFS device presented in this study, as well as other similar devices, 23 may be capable of modulating the activity of other voltage-gated ion channels in any cell type, including primary cells and tissue explants.
The prototype EFS device has several features that will aid future development into a format that is HTS compatible. First, the use of IDF electrodes removes the need for a 2nd electrode to be immersed into the extracellular medium to complete the electrical circuit and allows access for fluidics. In addition, because the IDF electrodes do not interfere with the optical path (a drawback of existing devices [25] [26] [27] ), the EFS device has the potential to be used on any fluorescent microscope or plate reader with little or no modification. Second, the unobstructed optical path allows the simultaneous application of electric field stimuli and detection of changes in plasma membrane potential using voltage-sensitive dyes. Fluorescent detection could therefore be employed to report voltage-induced changes in a multitude of cellular parameters with the appropriate probe selection (e.g., membrane potential, metabolite and ion concentrations).
